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CHAPTER T
INTRODUCTION

It has been shown that tornadic clouds generate pulses
of electromagnetic energy. Most of the investigation carried
on at the Oklshoma A. and M. College under the supervision of
Dr., H. L. Jones has been at video frequencies., The amount of
energy in the VHF spectrum is still unknown and considerable
investigation will be necessary to determine this.

The mein concern of this paper is the design of directlon-
finding equipment that may be used in the VHF band, that is, the

1l me, amateur band., At these Ffrequenciles the man-made static

has decreased to such an extent that the noilse in the receiver

e
o]

a determining factor for the minimum signal that can be re-

O

2

ived. The noise figure is treated qulte thoroughly in Chapter

[ 9]
(D

17T becsuse 1t is the biggest problem in the obtaining of the

[enTun] <

maximum availlable signal-=to-ncise ratic, The rece;ver is a

BC ©2LjA converted by Mr, Lin Seow to be tunable over the 1lli-1L3
mec, band. In order to increase the overall gain and improve
the signal-to-noise ratio a Wallman cascode amplifiler is added
to the receiver, 1In this receiver the automatlice—gain-contro
voltage 13 used as an indicator., If the signal is too low an

»

oscllloscope is placed across the-

6]

econd~detector load resistance

an be viewsd,

n
i
&
[
I
o)
-
(&)

and, with sultable amplification, the

e

This sebtup is designed to ald in determining approximately the

3

pe of signals to be expecte

Qo
o

The antenna is designed to give a fairly wide bandwidth

so that if the receiver had to be designed for a wider band-

pass, the antenna would still be usable., There is quite a bit



more experimentation to be done on the antenna since at frequen-
cles above two meters it is impossible to measure the current

in each element, let alone the phase., Some suggestions for
further tests have been included in the conclusions. Material

is provided for the design of the direction-finder with sugges-
tions for improving its performance., Since 1t is impossible to
list all references, especlally in antenna theory, a number of
books were citea in which the reader may obtain further references

to original studiese.



CHAPTER TI
ANTENNAS

Introduction

An antenna is a "transformer'" that converts electromagnetic
waves into guided waves or vice versa. The directional patterns
are the same for transmitting and recelving, but the optimum
pattern for transmitting may not be optimum for receiving. For
transmission, the optimum pattern 1s usuvally one that puts the
maximum energy in the required direction. For reception the
optimum pattern is one that gives the maximum signal-to-noise
ratio., The patterns may be the same but not necessarily.

The noise generated in the antenna by the radiation resis-
tance is fixed, but the external noise depends on its direction
of arrival., For direction-finders there should be a minimum of
side lobes tomprevent spurious readings and the input coupling
should be adjusted for maximum signal—to~noise ratio.l

Binomial Array

The antenna that meets the requirement of practically no
side lobes is the binomial array. It can be made unidirectional
and appears to be the most useful. Due to the large background
required for a through understanding of antenna theory, it was
decided only to include the actual design and a few pertinate
facts about 1t, and give references at the end of the thesis

for the use of the reader who wishes further information.

1l This is best done by a noise generator unless the antenna
noise is much greater than the receiver noise,



The binomial array was first brought to the attention of
the author in a QST article by Warren M. Andrews.2 The article
gave dimensions for a three-element end-fire array on 1& me.

It was decided at first to just scale down the antenna and use
it for 1l mc., but theoretically this is incorrect.

The essentials of the array are as shown in Figure 1,

1 2 3

—>— Direction of
Propagation

Figure 1

The current ratios are

o1y =1, = 21,
The elements are half-wave length and are spaced a quarter-wave
length apart. The current in element 1 leads that of the center
element by 90°, and the current in element 3 lags that of the
center element by 00°, since the array is fed at the center ele-
“ment. Elements 1 and 3 are three-element folded-dipoles, while

the center is a two-element dipole.

Theory of the Binomial Array

| Reseafch oh the fheoryvof antennas disclosed the interest-
ing fact that the mutual impedénce between the elements cause

a considerable change in the input 1mpedance of the eleménts,

In a recent article by Ronold King3 it is stated that if

2 Reference 1.

3 Reference 13



the center-driven antenna length is near a half-wave length,
then the array may be analyzed in terms of the self-impedance of
- 1solated antennas and mutual Impedances of two isolated coupled
antennas and that the error will be negligible. Using this as
the basis for compuﬁations the input impedances of the different
elements may be found.

The voltage at the terminals of element 1 is

Vlo = Ilzll + Izz + I 7Z

12 313
since
‘.:Eg.=2;. 2
Il ' J = =J
.
_ I J
then
299 = 291 = 32Z9p = 293

From Reference 15, page 266, the value for the self- and
mutual impedances can be found.

Since the antenna is cut to a half-wave physical length there

resuits,
Z11 = 70 + jO Zo1 = 38 - 338 Z31 = -13 - j26
Z12 = 38 - 338 Zpoo = T0 Z3p = 38 - 338
213 = -13 - 26 Zp3'= 38 - 38 233 = 70
therefore |

‘zlo =7 - 350 ohms.

Eiement 2 can be represented as;
Voo = I1Z21 + I2Z22 + 13732
Zp0 = 3%31 + Zpp - 5223

Z5( = 70 ohms.,



For element 3 there results,

V30 11231+ IpZ3p + 13233

‘ZBO = -231 + j2232 + 233

230 = 159 + J10o
Therefore the input impédance in elements 1 and 3 is very much
different from that of an isolated dipole but remains the same

for element 2.

Z1g = 7 - j50 ohms

]

220 70 ohms

Z3p 159 + jiOZ ohms
These are the impedances that will appear at the input to the
elements if the current distributions_aré as assumed., For cor-

rect loading the phasing lines must be used for impedance match-

ing.

Impedance of Phasing Lines. -

The input impedaﬁoe of elem@nt lias a three-element folded
dipole 1is ,
| Zy = 9%y = 63 ohms.

The input impedance of element 2 as a two-element folded dipole
‘is | |
Z2 = LZp0 = 280. ohms.
The input impedance of element 3 as a two-element folded dipole
is
Z3 = AZ3O = 636 ohms,
The power consumed in the elements are -

2
P, = T§R; = LI5R; = 15(252)



i

Po = I5(300)

i

P3 15(25h0)
Since the antenna is fed at the input of the center element,

the phasing elements must transform the impedances so that they
will give the correct currents from the same voltage source, and

there results
BS _ 2.0
P, = =5 = 15(252)
17 R 2
E5 _ E5
Rpp 280

5 2
12(25uo)

]
!

= T2
&

B2
R33

where Ry3, Rpp, and R33 are the transformed impedances.

i
]

P3

Solving these eguations for the transformed impedances it follows
that )

Ryy = 31l ~ohms
30,9 ohms.

f33
The characteristic impedances of the lines will then be

Z1p = (63)(31@) = 141 ohms

Zp3z = (636)(30.9) = 10 ohms.
The characteristic impedance of the line in terms of its physical
dimensions is

— +=1 D
Zo = 120 cosh T i

where D is the distance betwéen the centers and

4

d is the diameter of the conductor.,
Solving for‘% there results

% = cosh %%5' = 1.89

If #8 wire is used d is ,1285 inches in diameter and the conduc-



tors should be spaced about one-fourth inch apart. Twin-lead
can not be used for the transmissicn lines between the elements
because the velocity of propagation in the:line is not the same
as In free space and would cause incorrect phasing. The open
wire line does not quite do this, but it is so close that the
out-of-phase effect is negligible.

Folded Dipoleu

Since the folded dipole 1s used 1n the antenna, a short
discussion of this subject 1s in order. Any folded dipole has
a higher impedance at the input terminals than a simple dipole
employed at the same place in any antenna or antenna array. This
'property of impedance transformation has led to the increased
use of folded dipoles, especlally at very high frequencles,

The folded dipole may be considered as two series-connected
stub transmission lines, a quarter-wave in length, shorted at
one end. This 1s the transmission line mode of the antenna,
which radiates only a negligible amount of energy, and aids in
increasing the bandwidth, At the resonant frequency the dipole
resistance is in parallel with the input impedance of the trans-
mission line, which is usually a reslstance of very high value.
Below resonance the antenna impedance becomes capacitive, but
the transmission line impedance becomes inductlve and the paral-
lel combination tends to remain nearer unity power factor phan
does the antenna alone. Conversely, above resonance the éiienna

becomes inductive and the line impedance becomes capacitive so

L Rererence li; Reference 12, pp 53li; Reference 10; Refer-
ence 1lli, pp. 22L; Reference 15, pp. ﬁlS; Reference 25.



that compensation is again obtained. At single points above and
below the resonant frequency perfect susceptance compensation is
obtained so that there are three_points of pure resistance input.
It follows that the input resistance at the sﬁub-matched or anti-
resonant points will be considerably higher than at the resonant
frequency.

At resonance the effect of the transmission line mode may
be neglected and the antenna or in-phase currents only need be
consldered. Assuming that the radiation from a folded dipole
at the same place, 1t is possible to compute the transformation
ratio, and consequently the iImpedance, at the feeding point If
the ratlo of currents in the elements of the folded dipole is
known, The current at the feed point 1s designated as I, and
the current at the center of the auxlliary element as Ip. In
any array 1n which the fed element is a simple dipole, let the
input resistance at the feed point be R,. When the simple dipole
1s replaced by a folded dipole, let the new reslstance be Rlc
Then, with the assumption of equal radiation there results

IRy = (I3 + Ip)%R,.

The folded dipole, therefore, gilves the resistance transformation
ratio, u, as

_ Ry _ I2 2 _ 2

where n 1is the cﬁrrent ratio %%.

For a two-element folded-dipole the current ratilo 15

5 Reference 10,

3
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Log £

aT

N = e———

Log 5.

ap
where s is the distance between the centers of the elements
and a 1s the radius of the elements.

The impedance ratio is

g2 2
v = Log N
Log :2

provided

222 1 and 5. 2 2.5

al a2

a

2 ¢ 1and 2 22,5

al 8.1
Conclusions

To most critical readers this treatment of antennas is in-
adequate, but to cover the subject thoroughly 1t would require
a prohibitive amount of spaqe.' The books by J. D. Krausévand
E. C, Jordan7,cover'the subject of antennas as well as any text
available., E. B. Moullin,8 in hls bock, gives an excellent slant
on the British ﬁoint of view. Antenna measurements procedure

1s covefed in the books of J. D. Kraus and E, B. Moullin,.

6 Reference 21,
7 Reference 12,

8 Reference 17.
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CHAPTER IIX
NOISE FIGURES

Intrdduction

To be useful, any receiver must be connected to a source of
sigﬁals sﬁcn a8 an éﬁtenna; Even if a receiver coﬁld be Pro=-
duced that had no internal sources.of noise, nolse would still
be induced into the system from the antenna, and weak signals
would have to compete with this nolse, If the recelver does in-
troduce additional noise, the signal must be correspondingly
stronger. These concepté may be made quanfitative by the use
of the noise figure.

The nolse figurel is not a measure of the excellence of the
output signal-to-noise rétio, but merely a measure of the de~
gradation suffered by thé slgnal-to-nolse ratio ag the signal
and noise pass through the network in question. If the input
signel and noise are extremely large compared to the amplifier
nolse, relatively little degradation 1ls suffered, and the noilse
figure 1is good.

| Friis2 defines the noise figure, P, of a network as the
ratio of the avallable signal~to-noise ratio at the signal gen-
erator terminals té the avallable signal-to-noise ratio at its
output terminals. To understand the meaning of this definition
a few basle concepts will be defined,

Avallable Power

Thé most commonly used representation of an arbitrary elec-

trical generator 1s a constant-voltage source in series with a

'l Rerference 8, p. 1208.

e Reference 7. y
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constant internal impédance. It is possible, by Thevenin's

Theorem,3 to represent any linear network as shown in Figure 2.

Figure 2.

The genepated voltage E , 1s the open circuit voltage at the
output terminals and Z, is thé'impedancg of the network looking
back from thé terminalé,.ﬁith~all generators replaced by imped-
ances equal to their internal impedancé. If Eoc and Zg are
knowny along with one of the following four quantities concern-
'iné the load, the other three may be compuﬁed: the impedance of
the gxternal load, the voltage across 1t, the current through
it, énd the'powef dissipated in it

Friisll defines the "available power" as the max imum poW¢r
that the generator can deliver to the load. It is independent
of the load, by definition, and depends only on thé character-
istics of the generator. The maximum power is obtéined'only
when the load is matched to the generator, that is, when the
load impédance, ZR, and thelinternal generator impedance Z, are
qonjugates.5 The maximum power absorbed from the generator,
that 1is tﬁe."QVaélable power", is
- "E§e -

Py =
0

3 Reference 5, p. L7.
A Refé?ence Te _ {
5 Reference 5, p. 49-50.
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where R, 1s the resistive component of the internal generator
impedance Zo°

- Another method of representing an electrical generator is,
as suggested by Nortonts Theorem,6 by an infinlte-impedance
constant-current generator, Ig., shunted by the Internal imped-

ance, 2 The generated current, Igq,, is the short-circuit cur-

00
rent that would flow if the output terminals were short-cir-
cuited., The "available power" is
- 15c Ro - 5o

T T TG,

where G, 1s the conductive component of the internal genera-

Pg

tor admittance; Yo. By definition, Y, = %; o
o

Available Noise Power

‘jUéiﬁgvthe'défihition of "available power ", the "available
noise power" may be defined as the maximum power delivered to
the load from the noise generator. As an example, the thermal
noise of a resistor as a noise generator will be computed. It
is well known that a resistor, R, at an absolute temperature,
T, produces a noise voltage across its terminals. It is usually
represented as a generator having an internal noise-free resis-
tance and an open~circuit mean-squared voltage of

E2 = LkTBR
where k is Bolzmann's constant equal to 1,380 x 10-23
joules per degree Kelvin,

B is the small bandwidth over which E is measured in

6 Reference 5, p. U8



cycles per second,
T 1s the room temperature in degrees Kelvin, and
R 1is the resistance in ohms.
The bandwidth appears in the equation because noise is not a

single frequency phenomenon. The bandwidth is defined as
GpdF

dCp

where Gp is the actual power gain delivered to the indicating

B =

device divided by the available power of the signal
source and
Gpo 1s the maximum value of Gp. This definition is

equivalent to replacing the power-freguency curve by a rectangu-
lar curve having the same area under 1t and a maximum value of
Gpoe For all practical purposes, B is very nearly equal to the
bandwidth between the half power points, except the pass-band
of a single tuned eircult which is % or 1.57 times the half-

power bandwidth., The available noise power 1s then

N = BSc _ L KTER,
IRy TR,

This is the rioise power delivered by the resistor to a noise-

= kTBo

free resistor of equal resistance. It 1s not necessarily the
actual noilse power dissipated in elther of two resistors of
equal resistance connected in parallel,

Available Gain

The "available gain" 1s defined as the ratio of "available
output power" from the network to the "available signal power"
from the generator. Let it be assumed that the generator is

connected to a network and the network is connected to a load.
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The generator will deliver power to the network and the network
will deliver power to the load., With the load disconnected,
the output terminals of the network displays an internal imped-
ance, If the external load matches this impedance, the power
delivered to the external load is the "available output power"
of the network. The "available output power", therefore, will

be independent of the load, but not independent of the way in

which the signal generator is coupled to the network,

The available gain of a cascade of networks may now be
computed. Given a cascade of networks fed by a signal generator,
the availlable galn, G, of the first network is measured by open-
ing the cascade between networks 1 and 2. The available gain of
network 2 can be measured by opening the cascade between net-
work 1 and 2,‘and 2 and 3, and by employing a slgnal generator
of internal impedance equal to the impedance seen looking into
the output of network 1 when the original signal generator is
st1ll connected. This gain can be called G2, Thils process
should bé carried out for each network in turn. The total

gain is the product of the "available gains", and there results

cr02030n.m = () () ()orrr ()

where 8, 1s the avallable output power of the nth network,
when measured as above, and Sg is the avallable generator power.
Simplifying‘there results,
_ Sn
G1G2G3°°°Gn = g-é'
This result is valid only when the "available gain" of each

element is measured with a signal generator whose internal lmped-
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ance 1s the impedancé of the entire network preceding the ele-~
ment under measurement.

Caleculation of Available Gain

For future use the "available gain" of a signal generator
with a resistor in series should be compu‘ééd° The "available
power output" may be computed by the use of Thevenin's Theorem

as indicated in Figure 3.

Figure 3.

If the open-circult output voltage is taken as E, and the output
impedance 1s taken as R]l + Ro, the maximum power output then
will be

_Ef; _ E°
7 LRy T 4{R1+R,)

The "available signal power" from the generator alone is

S

s B

& IR,

2
E
o = Sn EZRI"ROS - Ro
Sg 72 Rl+RO

In a similar way the "available gain" of a signal generator
with a resistor in parallel may be computed. from the circuit

shown in Figure L.
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Figure l,

It is evident that the open=circuit voltage will be

ER
= 2
Eoc Ro+Ro

and the output impedance will be

) ‘ R2
o )
o _Bs, _° <£O+R <jo+R
o out u Ro 12
RetRp

The "available signal powér" from the generator will be

nl

Sg = TR

and hence the "available gain" becomes

- Rp

2

E Ro*f{2>

G = Sn 9 = EZ
Sg E< Ro+H o

[Ro
The ideal transformer as shown in Figure 5, will be consid-
ered next. Since 1t has no dissipation,; there should be no

change in the "available gain".

Lo

a
Figure §5
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&

If the transformation ratio is a, the oubtput open-circult voltage
will be aE, and the outpuf impedance becomes a2Ro., The "avail-

able power oubput" then will be,

2
s = Poc _ acE2 _ EZ
N % [Rous  LadRg  [Hg °

while the "available signal output" is

Re
“e = IRs

and hence the "available gain" is

E2
Sn _ [Ro
G = = o =]
' gg B2 ,

T
From this result it is evident that the "available gain" for a
nondissipative, passive network is always unity.

Now if the concept of "availiable gain" is expanded to in-
clude active network, it wiil be necessary“to coﬁsider an ampli-
fier driven by a genébator with a resiston R3, across its input

terminals, as shown in Figure 6.

o o-
Ro
Ry A R4 ———
E.
: — 0
Figure 6.

The amplifier has an infinite input impedance and an open~cir-
cuit voltage gain of A. The output impedamce,Rusis assumed to

‘be independent of the impedances connected to the inpub.



The "available output power" becomes,

) AFR, @
ESc | R3+Rgy
IRoug Ir)y 7 7

and the "available signal power" will then be,

Sn =

(V%

Is

AER
&

g S 2 h' 3
Eu

The foregoing derivations of

Q

"available gain" can be used

in conjuction with the cascade-network theorem in the previous
section to find the "available gain" of any network. Serious

errors will result if the proper précedure is not uséd in com-
‘puting the "available gain" of an element in the cascaded net-

work.

Noise Fipgures

Sufficient background has now been presented to discuss
intelligently the concept of noise figures. The first case to
be considered will be that of an ideal amplifier, that is, an
amplifier which is noise free and has effectively an infinite
input impedance. The gain of the ideal amplifier is made suf-
ficiently large so that the amplified noise from the signal-
generator source is very much larger than the noise generated
in any resistive load connected to the output terminals. A
bandwidth, B, 1s assumed and all impedances involved will be
real at the freguencies within the bandwidth. This assembly is

shown 1in Figure 7.
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! Ro Rs
Figure 7.

From the previous material, it is evident that the "avail-

able signal power" will be

. _ E°
SgE'lﬁ—(;' ®

and that "available output power" due to the signal is

Sy = .
n = IRe
The "available gain". then becomes,

E2A

- V- (C
IRo
It is customary to consider the noise generator, connected
to the input of an amplifier, as a resistor equal to the resis-
tance of the source, for example, the radiation resistance of
an antenna. The "available ocutput-noise power" can be obtained
by extending the érevious analysis., If the source voltage 1is
B2 = LKTBR, ,

the‘"available noise output power" becomes

| TBRoAZ RoA2
Ny = LXTBROAZ _ yqp (Rof
A - i (g
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AZRg
Ry

By definition the "available signal-output power" is,

But since G =

s 1t follows that N = GkTB

Sp = GBg,
and by comparing the last two equations it may be concluded that
the "available noise power" from the generator is kTB, which was
previously demonstrated by another method,
From the definition of the noise figure as stated in the

first section, it may be written symbolically as

8
—
p= KB _Sg N _ N
Sn KTB Sp = GKIB
N’ .

This equatioﬁ affords a method of computing noise figures.
Solving for N, the expression for the "available noise-output
power", in terms of the nolse figure, gain, and availlable noise-
input”power there-results

N = FGkTB, »

The question that immediately arises is the relative con-
tributlons of the signal generator and the neoise from the net-
work to the "available noise output". Since the "available
noise power" from the generator is KTB, the "available noise;
output power” from the generator is GkTB. Tt follows, therefore,
that the contribution from the network itself is (F-1)GLTB,

This separation of the "available noise-output péwefh into
two parts provides a method by which an expression for the noise
figure of a cascade network may be written in terms of the

noise figure of the individual networks. This becomes,

Pin =Py 4 271 (@3, (Fa-l)
. Gl Gle_ GnggcoGn
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where G, denotes the "available gain" of the nth network.
Usually in a receiver employing several stages 1t is seldom -
necessary to consider the noise figure of more than the first
two stages unless the "avallable gain" of the first stage or
stages 1s a loss, The equation ma& then be rewritten as

(Fa"'l)

F = F1 + y
1n 1 c5)

5

where Fg 1s the nolse figure of the rest of the stages,
In this formula it was assumed that the bandwidths of
each of the networks, were the same, If this is not the case,
there results

(Fa-1)Bg

Fsew = 7 +
in 1 G101

where the subscripts have the same meaning as before,

Bources of Noise in Tubes!

The principal,sdurces of noise in tubes are
l. B8hot effect ftemperature—limited emission).
2, Reduced shot effect,
3. Flicker effects
li. Collision ionization.
5. Random division of current between electrodes,
6, Inducted noise at ultra-high frequencies,
7. TFaulty tube construction.
1., Shot Effect, Shot effect is the noise associﬁéed‘with random

emission in a tube when the emlssion 1s temperature-limited,

Since most tubes are not operated so that their emission is not

7 Reference 22, p. 305,
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temperature limited, this noise 1s not serious even though it
probably 1s the loudest,

2. Reduced Shot Effect, Most tubes are operated under space-
charge~limited conditions which has a very definite "smoothing"
‘action upon shot effect, which is called "reduced shot effect'.
The smoothing action may be a result of the formation of a vir-
tual cathode in front of the emitting surface which has a poten-
tial lower than that of the emitter by a value determined'by the
mean veloclity of emission. BElectrons with all velocities are
storming this potential hill, and those with velocities greater

than the mean velocity will on the average get past the virtual

cathode and go on to the platé. Occésiénally there will come

a group of electrons with a velocity slightly in excess of that
needed to get past the virtual cathode.. When this occurs, the
potential minimum at the virtual cathode is momentarily depressed
by the additional space charge and as a result a few electrons
that normally would have gotten past the potential minimum fail
to do so and are returned to the emitter. This means that for
every burst of electrons whiéh might give rise to noise there is
a compensating current set up in the opposite direction Whicﬁ
tends to cancel the noise produced by the burst. The net result
is an over-all reduction in noise that is Qonsideréble,' The
resulting noise power is of .the order of 10 perceht of that
encountered.for the same current when the emlssion is tempera-
ture-limited.

3., Flicker Effect., Flicker effect is observed im oxide cathodes.

This effect is due to the variations in the activity of the emit-
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ting surface and 1s much noisier than the true shot effect for
temperature-limited emission. It's magnitude is also greatly .
reduced When'the Qmission is space¥charge~limitedo

i. Collision Ionization. Noise in tubes due to gas molecules
being ionized is small unless the positive ion gas current is
more than'a few hundredths of a microampere. When gas molecules
are lonized by collision with emitted electrons, the positive
ions formed subsequently liberate small bursts of electrons as
they penetrate the virtural caﬁhode in front of the emitting
surface. Gas noise appears mostly below 10 mec,

5, Random Division of Current. Random division of current
between electrodes contfibutes to the noise of multielement
tubes and makes pentodes three to five times as noisy as the
same tube when connected as a;triodeg o , o o

6o Induced Noise at Ultra-High Frequencies, The. ultra-high-
freqﬁency components of the random fluctuations of the space
charge in a tube willl induce voltages in the grid circult,
Which_in turn will react back.upon the spage-charge flow. This
effect is only important for freqﬁency components, above 30 mc,
%. Faulty Tube Construction. Noise due torfaﬁlty tube constru~-
tionmis’alwéys present to s degree. If the filament is inductive
a hum will result. Poor insulation, mechanical vibratibn and
dirt on the glasé inside of a tube are some of the dther noise
components that may be minimized by careful construction of
tubes; ] |

Equivalent Circult of an Amplifier
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as shown in Figure 8,

, | A CB O R
LSH ln ) - . Lnel )

Figure 8.

1
.-l

where

gg 1s the .transformed source conductance,

Ys is the transformed source susceptance,

gg 1s the conductance due to pasglve tube loading and
circuit losses,

Yg 1s the susceptance due to interelectrode and cireuit
capacitance, |

r, 1s the tube plate resistance,

Ry, is the load resistance, and

ge 1s the conductance due to electronic or transit-
time loading.

Tovsimplify the analysis it will be assumed that the effects
of the various tube and circult capacltances are eliminated by
resonance methods. The noise sources associated with Ry are
considered as part of thé second stage, and, although the tube
shown is a trilode, it can also be a tetrode or pentode, provided
all electrodes other than the control grid and plate are by-
passed to ground over thé frequency range to be amplifiéd;: It
is common praCticé in noise-factor analysis to replace the actual
tube Wi%h plate~circuit noise current, ip, by a fictitious noise-

less tube having in series with its grid lead a.noise voltage
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Feq = =B
d B

which, when amplified by the tube, produces in the plate circuit

the noise current, 1 It is then possible to define a purely

po
fictitious resistance, Rgq, according to the relation

Heq = %é%ﬁ

Where-Reé is the eqﬁivalent noise resistance. The equivalent
tube noise resistance 1s, therefore, defined as that resistance
which, if placed between grid and cathode of a noise-free tube,
would produce in the plate current a noise current egual to
that which the actual "noisy tube" produces with its grid shorted
to ground. It is also assumed that the cathode lead inductance
can be considered to be zero or tuned out by a suitable series
capacitor°

The following equations may be used in order to determine
the approximate values of Rgqs
for triode amplifiers,

Req = 205/8m

and for pentode amplifiers,

n = _tb_ 2.5, 20Ic2
‘e q Tpticp Ep gi

The statistically-independent constant-current thermal-
noise generators may be defined in terms of a mean-sgquared ther-
mal-agltation-noise current. Wher the transformed source noilse
current 1is -

12, = 2kTgBg,,
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then the noise current due to passive tube loading and circult
losses becomes

&
I5, = 2kIBg,,

and the current due to the electronic or transit-time loading is

T2, = LXTBg,.

For tubes with oxide-coated cathodes and space-charge-

a3
Ta

limited emlssion the ratio of is approximately 5,859

Further simplification may be had by combining the tube loading
due to cathode-lead Inductance feedback, the loading due to
losses in the input circuit, and the transit-time loading all

into a shunt conductance l_o The lead inductance can be cone-

sidered to be zero or tune% out by a suitable series capacltor,
for it has been shown'® that if this were not the case the
resulting input loading would have only second-order effects
on the amplifier nolse factor, since it degenerates tube noise
as well as input noise. It has been found tha£ cathode-1lead-
inductance loading does affect the band-width.

Since even the summary of the properties of the three types
of tride input circults, grounded cathode, grounded grid, and
grounded plate, will be quite large, reference 1s here made to
Reference 9, chapter 13 or Reference 10, chapter he Some ap-

proximate equivalent nolise resistances are given in Table I.

These are based on the normal values of the transponauctance and

8 Reference 3
9 Reference 18.

10 Rererence 8.

N



28

plate and screen currents given in the RCA Tube Handbook. Aveér-
age values of input and output capacitances, which are valid

for the case when the tube has its cathode grounded, are given;
these values do not include socket or wiring capacitance., Al-
'though the agreement on the value of equivalent noise resistance
'between theory and experiment is quite good for some types'of
tubes, such as the 6AK5, 1t 1s much less satisfactory for others.
The'reasohs_fqr this discrepency is not yet fully understood but
it“is believed that the gold plated grid of the GAKS, with its
1cw‘emiésion, may be responsible for its lower noise. In Table
1T a comparison of the various single-triode input circuits is
given.

Double-Triode Input Circultsil

vThe ideai tribde inputbcircuit should have a number of
necessary characteristics,
1. A1l the improvement in input stage noise figure over the
pentode that is theoretically possible. |
2. The contribution of second and later stages to the noise -
figure no greater than with pentode input stages of the same
band width.
3. A circuit that is stable and no more critical in adjustment
than with pentode‘Stages of the same bandwidth. |

Of the nine possible combinations with two triode tubes
only one meets the above requirements. This 1s the combination

of a grounded cathode followed by a grounded grid.

11 Reference 2, p. 656,
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Grounded~Cathode~Triode-Grounded-Grid-Triode Input Configurétion

1

NEU+Y0‘/I;I'H—9

Cotl '\_7,
. 99
Js ¥
. 9e
{ {
Thterstage
Figure 9§ /C°°P/.fl7 corl

When a grounded-grid stage succeeds the grounded-cathode
stage a very large conductance.is presented to the plate of the
first triode so that it is quite stable. The bandwidth of the |
interstage coupling will be very large so that there is no need
to add additional damping even in the most extreme cases, The
output conductance of the first tube is of the same order of
magnitude as the optimum source conductance for the second tube,
so that the full avallable power gain of the grounded-cathode
triode is utilized.

The exact expreésion for the nolse figure of first two

stages combined 1512

| 2

&s By
Bao*8o . Rogp 1 V2, 3
Reql + _EE—-“ s [?ggl * Bop t I + Y5
P2
&ml gml g .

12 Reference 9, p. 657.
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where &g is the parallel combination of the network and ohmic
losses in the tube,
8o 1s the conductance electronic or transit-time loading,
gy 1s the transformed source conductance,
is the ratio %ﬁ (conversion of a nolse source to the
standard temperature T); it is approximately 5 if the
transit angle is less than one radian,
Reé is the mutual conductance of the tube,
‘rp is the plate resistance of the tube, and
Y is the input sﬁsceptanceo
Usually'Tg??‘>> ggl'+ gel, therefore, the shot noise contri-
buted by ghe second stage is 1 _ that of the shot noise of the

| e

first tube. The term _g will be small unless the frequency is
_ &n

greatly different than the midbands If E5.%%1, the contribu-

&m1
tion of the second stage thermal noise 1s negligible in compari-

son to the first tube.

_The first tube and its operating conditions should be care-
fully chosen. The choice of the second tube depends very little
on 1its equivalent resistance and it is usually made solely on
its low cathode—plate’capacity, Ir Cpr is large, neutralization
is necessary; although it is usually guite uncritical. The
second stage should have a fairly high transconductance because
the stabllity of the first stage dépends upon the heavy load in
its plate circuilt,

There are several types of input coupling networks that can
be used to obtain the reguired bandwidth, A good discussion of

these will be found in Reference 2l, pp. 682-69l.,
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Table I -- Equivalent Noise Resistances of Receiving Tubesl?

Tube gm, umhos Rgqs Ohms Cins mmf Couts mmf

‘Triode amplifiers

6ACT 11,250 220 11.0 .0
6AKS 6,670 385 L.0 2.0
6¢cly 2,200 1,140 1.8 1.3
6FLL 5,800 30 2.0 0.6
oIl 12,000 210 2.8 0.2
635 2,600 960 3.L 3.6
6J b 5,300 li70 2.2 0
6SC74 1,325 1,820 2.2 0.3
6SIL,7 1,600 1,500 3.2 3.6
6SN7# 2,600 960 2.9 1.0
7F8% 5,650 10 2.8 1.l
9002 2,200 1,140 1.2 1.1

Sharp cuboff pentodes

1Ll 1,025 I, 300 3.6 7.5
6ACT 9,000 720 11.0 5.0
6AGE 5,000 1,60 6.5 1.8
6AT5 2,750 2,650 b1 2.0
6AK5 5,000 1,880 L0 2.1
6A56 ﬁ,soo i, 170 %.o 3.0
6sH7 /1,900 2,850 3.5 7.0
6337 1,650 5,8L0 6.0 7.0
9001 1,100 6,600 3.6 3.0
, Remote cutoff pentodes
1T 750 20,000 3.5 Te3
6A%7 E,ooo ' 2,110 8.0 5.0
- 68G7 » 700 | 1,000 _ 8.5 7.0
6SK7 2,000 10,500 6.0 7.0
9003 1,800 . 13,000 3.k 3.0

3% One unit of a dual triode tube.

12 Reproduced from Reference 2, p. 636,
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" Table II -- Comparison of Various Single-Triode Input Circuitsl3

Advantages

Disadvantages

Input tube
Grounded cathode 1.
2
3.
L.
Grounded plate 1.

2.

3e

Highest available 1.
power gain, hence
maximum possible
reduction of 2nd-
stage noise,

Output conductance
1/r, of same order
of magnitude as
optimum source con-
ductance of second
stage.

Equivalent loss con-
ductance equal to
that of grounded
plate,

Highest voltage gain,

High output con- 1,
ductance, hence

easy to get wide-
band interstage

coupling.

Induced grid noise

_contribution S 2

slightly less tha
in alternative con-
figurations.

Bandwidth of input

circult greater than
in grounded-cathode .
case because of 3,
lower input capac-
itye

13 Reproduced from Reference 2, p. 652,

Tendency to in-
stability with
large voltage
gain, but easler

- to neutralize and

more stable with
small voltage
gain than ground-
ed plate,

Variation of
grid-cathode ca-

pacity with grid

bias makes neu-
tralization dif-
ficult,

Tendency to in-
stability, par-
ticularly with
small Gy, even
if grid-cathode
capacity is
resonated out.

Available power
gain much lower
than in grounded
cathode case,



- Table II, Contd.

Grounded grid

1.

High stability due 1.
to cathode feedback
and low plate-

cathode capacity, 26

‘Large input con-

ductance gilving
wide transfer band-

.pass characteristics

for input network. 3

L.

33

Low available

.power gain,

Critical depend-
ence of first-
stage noise fig-

Ure on output -

circult loss,

Greatest equiva-
lent loss con-
ductance,

‘Low output con=

ductance, which.
combined with
point 1 means
second-stage
nolse contribu~
tion importance.
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CHAPTER IV
MEASUREMENT OF NOISE FIGURE

Introduction

yoiseffiguré measurementé give a simple and effecfive way
ofmcheqking the ability of an amplifier %0 detect weak signélsa
The method'of making the measurements is very'éimple and can be
carried out very quickly and precisely 1f the proper equipment
is available. |

Diodes operating with temperature~limited emission may be
used és a standard source of noise, Such diodéé should, prefer-
abiy, have either a tungsten or a thoriated tungsten filament
because it ié aifficult to keep the emitted current from an ox=
‘idé—emitting surface constant under temperature-limited condi~ﬁ
fions of émiséion. The noise is due to shot effeet, With pro-
- per design the dlode can be»uSed as an absolute standard up to
about 300 me. Silicon crystals of the type used for rectifiers
and mixers generate considerable noise when direct currents are
passed through theri in the "reverse" directioﬁ,.

Temperature~Limited Diodes as Nolse Generators

A tempefature-iimited diod@ that 1s, one thse plate voltage
is high eﬁough'to saturate the plate current, acts like a generaf
tor of noise current due to "shot effect". The rootmmean;Squaréd
current, Eﬁ, is given by
) 2 = 2eIB o | |
where e 1is the charge of the electron = 1.60 x 10-19 couldmb,
| I is the direct current thrdugh the diode in amperes, and

B is the bandwidth of the device being used to observe
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the hoise° It must be remembered that the above equation does
not hold for oxide-coated cathodes because of "flicker effect",

High-Impedance Noise Generator

A simple noise generatorn as shodn in Figure 10, consists of
é diode connected in parallel with a resistor, Rg, equal to the
resistive component of the signal-source impedance and a reac-
tance simulating the parallel reactance of the signal source,
The plate voltage is made high enough to saturate the diode for
all cathode temperatures used. Means are provided for varying
.the cathode temperature and for reading the average or d-c diode

current, I,.

1

.
Powevr

Ra A""P" fier Ina,:ca*)‘of

Y

gl LT = ‘
T

Figure 10,
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The noise figure 1s measured by first observing the indica-
tion of the output meter withlthe diode filament circuilt open.
Under these conditions the noise output 1s the equivalent of that
producéd by the network and the source. If the meter does not
mateh the network, it will not read the actual "available output
noise power" but a quantity proportional to it. Whether the
. output is matched or not does not make any difference to the
noise figure, This is obvious from the equation for the noise

figure,
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3,18 x 107191,R,
= T

F

If the value 288°K is chosen for T, and if I, is in amperes and
Rq in ohms, the noise figure becomes
F = 20 I Rg.

This equation 1s a very ilmportant one, for it gives the noise
figure in terms of two easily measurable quantities, Ig and Rg.

This nolse generator is very useful provided thatsd (1) the
nolse generator can be connected in place of the signal source
with very short leads and (2) the parallel reactance of the noise
generator can be made entirely equivalent to that of the signal
source over the entire range of frequencies under consideration,
There is always some capacity across the diode. If it 1s smaller
than the required capacity a padding condenser may be added.
In a large percentage of the cases the desired reactance is that
of a capacitor smaller than the distributed diode capcitye.
It is possible, but not too satisfactory, to resonate out the
desired capacity by an inductance. These difficulties can be
largely avoided by the use of a "low-impedance" or "matched
line" noise generator.

Matched-Line Diode Noise Generatore

As shown in Figure 11 this generator consists of a noise
diode feeding a lossless line of characteristic impedance, Rg,

with a termination at the generator end and a matching network

1 Reference 2, p. 702.

2 Reference 2l, p. 702.
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consisting of R1l, R2, and X selected so that the. internal imped-

" ance of the entire device eqﬁals that of the signal source,

I ‘ - D)
jl—‘CLRo |

—ern
—
——

Figure 11,
C is the distributed capacity of the dlode, and L resonates
with C at the band-center of the amplifiér%to be tested. Inas-
much gs'RQ is a resistor of low value, the.bandwidth is large |
qompare@ to usual amplifier bandwidths. $Since the line is
terminated in its characteristic impedance at the generator end,
the calibration is then independent of its length.

Measuring Rgq of a Tube 3

The méésurementvof Req can be accomplished by associating
the tube with an amplifier and power-output meter, With the
grid Shorted, a certain noise output will be obtained. Resis~
tance may now be introduced into the grid circuit until the
power output doubles, care being taken not to disturb bandwidth
relatlons. If the noise in the amplifier following the tube is
ignored, the resistance which doubles the output noise power
is the Req for the tubéfopérating under the conditions of the
experiment. It is also assumed that no additional noise power
éther than»thermal_will'be induced into the resistor because of
- conditions .in the grid circult of the tube,

Another method involves the substitution of a resistor for

3 Reference 8,
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the noise behavior of the tube at its plate, The equivalent
resistance, Rqu for the grid side of the tube may be obtained
from the resistance Rgqp, which gives the same noise as the ' tube

‘with the. grid grounded, by the use of the following expression,

R Ra+r
Roq = =28 Rom
X ap

where R, is the interstage or coupling resistance between the

tube and the following grid circult, which is not removed in

determining Reqps and m 1s the amplification factor of the tube,

Construction of Noise Geherators

| ‘The construction ofunoise generators is not difficult,
The génerator should be completely shielded with its power leads
filtered to prevent pickup of extraneous signals, especially
from the output stage. ©Since the diodes are operated under
temperature~limited conditions, the plate-supply voltage need
not have good regulgtiono!

Under temperature-limited conditions, the plate current
varies very rapidly with filament voltage. If the filament is
operated from the a=-c power mains it is necessary to provide
a constantwvoltage regulator,

If batteries are used to heat the filament then two rheo-
stats shoﬁld be used to control the filament voltage, one for
rough control and the other for fine control, Sturdy construc-
- tion of the filament circult is important and, 1f a-c is employed
on the filaments, the control switches and rheostats should be

placed in the primary of the filament transformer.
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Noise Power Measuring Devices

Normally output indieators present very little difficulty,
and a vacuum-tube voltmeter or cathode~-ray oscilloscope can
be used with only ordinary precautions. The choice of an out-
put measuring device depends upon whether or not accuracy can be
sacrificed for simplicity.

Attenuator and Post Amplifierh

. The attenuator and post amplifier combination shown 1in
Figure 13, is thebmost accurate method of comparing amplifier
6utputs. Although it is more complex than the other schemes
déscribed here, it is'very rugged and can be operated success-

fully by relatively untrained personnel.,

Noise

Aftcnua?"or B

Gener a."'o r

A Pos‘)' ol Dléa/c: ‘
1 M| Amphfer: derfféc-/orr’_u@

. Amp/c),’(:ei— ‘ J;-,J,ca?"ok
uncer
Test

Figure 13.
The procedure consists of first to observing the output
reading with the attenuator out and the noise generator off,.

Then the attentuator is switched on and the noise generator ad-

i’ Reference 2L, p. 709.



)
~justed to give the same reading on the output meter as before.
If the attenuator has a power ratio'of'2, the available power
of the nolse generator is that which is required to double the
amplifier output power. No harm will be caused by overloading
the post amplifier because it operates at'conStgnt—signal level,

The post amplifier should'have the same center fredquency as
the amplifier under te$t‘and a bandwidth somewhat greater.. It
should be very well shielded and operated from its own power
supply to prevent aﬁy feedback to the amplifler under test. It
is convenient to gang the attenuator switch to the nolse genera-
tor plate supply. However the two switghes should be well iso-
lated to prevent direct coupling from the noise generator to
the post amplifier. The detector 1s a common diode recelver
tubg connected in the conventionallmanner,5 A meter indicating
1 ma. full scale in series with the diode-load resistor is ade-
quate for most.ﬁeasurements. However the o§erall sensitivity
can be increased by using a meter of 30 to 100 micrpamperes full
scale, A dry cell and a variable resistancé connecfgd in series
should be placed acroés the meter to budk-out the "dark" current
of the diode.

- The attenuator and its immediate clreults, as shown in
Figure 1hy are designed with these objectlves: (1) to make the
calibration independent of the conditlion of impedance mismatch at
the output of the amplifier and (2) fo have a‘value of power

attenuation as near 2 as possible,

5 Reference 26, chapter 7 and reference 2l, p. 713.
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Figure 1l.

If the characteristic impedance/ef the cable is other than 75
ohms, the values ofhthe resistors are to be multiplied by the
ratio of the characteristic impedance to 75 ohms. The 1/2-ﬁatt
resistors for the attenuator are selected by a Wheatstone Bridge
to be ﬁithin 2 percent of the indicated values.©

'~ The terminating resistor, R, and the inductande;bLg which
is selected to resonate with the input capacity of the tube, are
designed so that the same impedance, at the center frequency of
the amplifier, 1is measured across the pins at P3 with both
positions of the attenuator switch, If this condition 1s met,
the calibration of the attenuator is independent of the impedance
- presented by the cable. The plug, Pi, fits into the tube socket
of the amplifier, which is assumed to have single-tuhed circuits,
and is in parallel with the load of the tube previous to the
tube disﬁlaced by the plug. The low impedance presented to the
load by the plug causes the bandwidﬁh of this circuit to be large.

An alternative procedure is to omit the resistor in the plug, Pl,

6 If none are avallable, a portion of a resistor of lower
value may be filled away and the filed place covered with a coat
of lacquer.
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by inserting between Pp and P3 a T- or pi-attenuator pad having
‘a 75 ohm characteristic impedance and at least a 10 db attenua-
t_ion° If the power ratio is not 2 then there should be applied -

a correction

Wy
Wn = a..i

where Wn9is the true available power,
Wy is the measured available power, and

a 1s the power ratio or the attenuator.

1§$tenugtqr Calibration by Means of a Noise Generator

| An éttenﬁator may be calibrated with a noise generator with
extreme precision using only the power measuring device to in-
_dicate that the power has not changed.

Pirst, a direct current Ij 1s passed through the noise
generétor so that the noise~output power of the amplifier with
the current Ip flowing and thekattenuator out and the noise gen-
erator'qff; If Wy is the available noise generator power cor-
responding tobIl? then

Wty = 'all,.
Next the noise-generator current is adjusted to a value Io such
tha£ wﬁﬂ;Ig flowing and the attenuato? in, the noise output
power of the amplifier is the same as with the attenuator cut
out and the current I, flowing., If Wy 1s the awvallable noise-
generator power Qorresponding to Ip, then

Up+Wo = a(Wp+lW,).
Subtracting the last two equations gives

_'W2~W1 o
a =g



Since Wy and Wp are proportional to I and Ip, with the same

proportionality constant, then

Ip-I1 1I»

= = =1

a =
Iz 1

The precision with which the direct currents can be measured
determines the accuracy of a.

Noise Flgure Measurement With Gain-Control

A method developed by M. Co Waltz7 allows field measurements
to be made quickly and with fair accuracy. The method requlres
a noise generator and an output meter, usyally a d-c voltmeter
connected across the detector load resistor, The amplifier
must also have a gain control, |

First, the deflection of the meter is noted with ho noise-
generetor current., Then an arbitrary current Iy is passed
through the generator and the output meter read a second time,
Second, with the current I4 flowing, the ampllfier galin control
is set so that the output meter returns to its first reading,
Finally, the noise'generator current is raised to a value Ip
so that the output current reads the second reading. If Wi and
Wo correspond,‘respebtiVely, to 147 and Iz'theng

Wolly  Wy+iy
W l""Wn W

~ Solving for W, a

wa

"n = Tam

7 Reference 2l, p. 71k



and there results,

A N
" % A

For a given temperature-limited diode noise generator the

kT

. Wl Wo
ratio s and S T have the form MI,, and MI, where
il = 20Rg4

for a high-impedance noise generator, and where

RS
= ‘Ro

for a matched-line noise generator at T = 290°%K.,

Therefore the nolse figure becomes,

MI%
N
Ip=2Iq °

Some error is usually found due to the denominator beling small

compared to Iy or Ip.
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CHAPTER V
SUPERHETRODYNE RECEIVERS

Introduction

The superhetrodyne method of radio reception 1s the most
widely used system. A schematic diagram for a recelver of this
type is shown in‘Figure 15, It overcomes the difficulty of
obtaining adequate carrier frequency amplification and constant

selectivity over a given .range.

‘E —f N i-£ ook l a-€ or ' Speaker |
Tam er b= bmd DetecTor =4 S ar ‘
am p. bx amp ¢ video ampg [:nJlCa"[OV
S
local
oscC.

Figure 15.

For a given local-oscillator frequency, there are two
possible radio frequencies that will combine to form the inter-
mediate frequency. To suppress one of these possible r-f chan-
nels 1t is customary to place in front of the mixer a r-f
amplifier tuned to the desired radio frequency. The r-f ampli=-
fier will also ald in eliminating most of the reradiation of
the local oscillator and increases the overall signai—tomnoise
ratio since the mixer has a high noise figure., The local osc¢il-
lator will contribute some of the noise. It should be noted
that a r-f amplifier is not practical at microwave frequencies.

The mixer, by the hetrodyne process, changes the incoming
signal with its modulation sidebands to a particular interme-

diate frequency with similar modulation sidebands. Since most
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of the gain may be obtained in the fixed-frequency amplifier,
the selectivity and gain of the receiver are essentially inde-
pendent of the radio frequency. The tuning control, with the
feature of gang-tuning of local oscillator and r-f amplifier, 1is
much simpler than that of the gang-tuned series r-f amplifiers.
For reception of VHF waves, the receiver gain is obtained much
easier at a relatively low intermediate frequency.

The second detector 1s nearly always a diode detector
~circult and associated with 1t 1s the automatic gain control,agec,
which controls the gain of the r-f and i-f amplifiers. The audio
or video circults which follow, amplify the intelligence con-
tained in the carrier to a usable level,

R-F Amplifiler

The r~f amplifier has been treated rather thoroughly in
Chapter ITI and will not again Be discussed here,

The mixer, with the aid of the local oscillator converts
the incoming signal to a low fixed intermedlate frequency.
Heroldl glves a simple method of obtaining the conversion con-

ductance. It should be noted that a mixer can be considered

as a variable amplifiero2

s e
=

, “fo
Figure 16.

1 Reference 11.

2  Reference 19,
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As in Figure 16, a local oscillator voltage, €1, is applied
to one pair of terminals and a very small signal voltage, eg,
is applied to énother'pair. The current flowing between the
other two terminals is designated as ip. At any instant of time
this current is a function of the local oscillator and signal
voltages. Since the signal voltage is small the current 1is

(t) + 21 e (%)
2¢s

i(t) = i

where i(t) is the total current at a given time,

io(t) is the current which would flow if eg were zero,
eg(t) is the current increment due to the signal voltage.
Since

21
2°%s

= gn,(t)

and since
eg = B4 cos wt
the equation may be rewritten as

1(t) = io(t) + gu(t)E cos wt.

Both terms are periodic with the local oscillator but 1_(%t)
contains no terms that are influenced by the signal voltage,
therefore it will contain no sum and difference terms,

Since only the term gm(t)ES cos wt contains the signal
v01tage, the other term may be dropped as far as output signal
is concerned, therefore

iy = gm(t)ES cos who.
Since gp(t) is periodic, 1t can be expressed in terms of the

Fouriler series

gm(t) = a, + a3 cos pt + &, COS 2pt + ) cos 3pt
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where

T
_ /o gp(T)dt
‘j/T gm(T)cos npt dt  n#o
o

p = oscillator frequency.

®
(@]
Hi
Hie i

Due to symmetry the sine terms will be absent. After substitu-
tion then resultg,
is = (ap + aq cos pt + ap cos 2pt + a3 cos 3pt +...)
Eg cos wt,
is = Eg(a, cos ot +%% cos (p +w)t + 21 cos (p - w)t +

ap - .
5 cos (2p = @)t+...)

For the usual mixer the output circuit is tuned to the differ-

ence-frequency, therefore

i(iwf)'ﬁ'%% Eg cos (p - w)t
- 21
=n, & [0 g, cos p tdt
S am ) m s
o

and hence by definition, the converslion transconductance is

o

8en =-§E~ @ g (t) cos npt

o
and therefore ‘
fo-w) = EsBel-
- If a harmonic of the oscillator is used, there results

To-nw = Bs8en-

The oscillator itself need not contain harmoniecs because the
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harmonics are generated in the tube due to the nonlinearity of
gmlt)o

The value of gen can be computed graphically by the Fourler
analysis of the signalnelectrode-to~output-electrdde conductance
vs, the oscillator-electrode voltage. By careful selection of
’fhe operating ﬁoint and amplitude of the oscillator voltage
the spuribué respmﬁﬁs due to the harmonics of the oscillator
frequency can_be kept to a mihimumo This may be checked by
the Fourler analysis of gcﬁ for the different harmonics of the
oscillator voltage and by comparing them to the fundamentalo3

If the cathode 1s not at ground potential, as in a 63A7
with a self-excited Hartley oscillator, the signal-grid-trans-
conductance curve must be taken with the cathode and oscillator-
grid potential varied simultaneously and in thelr correct ratio
as determined by the ratio of the cathode turns to the total
turns of the coll which is used, vSince the conversion trans-
conductance is approximately proportional to the peak value of
signal-grid transconductance, it is often sufficlently accurate
to disregard the a~c variation of the cathode potential, This
can be done by simply shiftihg the signal blas in the negative
diréction by the amount of the peak value of the alternating

cathode voltage.

I-F Amplifier

The 1-f amplifier operates at a fixed frequency. The value

3 Reference 2.



depends on several factorsoLL The advantages of a low interme-
diate frequency are,
1,A for a given bandwidth the relative detuning caused by
tube capaclty varilation 1s less;
2, the optimum noise figure attainable with a given tube
is lower; and
3s the input ioading and Miller effect are less,
The advantages of a high intermediate frequency are,
| ls the image rejection is better;
2. the tuning colls and bypass condensers are smaller; and
3. a greater separation between intermediate frequencies
and video frequenciles is obtained thereby reducing the
possibility of trohble arising from transmission of i-f
components of the rectified signal into the video amplifier,
and’ ‘
s the reproduction of the waveform is improved.
The types of i-f amplifiers interstage~coupling most com-
monly used are:
l. Bynchronous single-tuned,
2. Btaggered single-tuned.
3. Double tuned,
o TInverse-feedback,
A simple resume of thesdifferenﬁ types will be given rather than
a detalled analysis. An excellent freatment of the'subéeot is

given by Wallman.>

L Reference 2b, pp 158”159°'

5 Reference 2,
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Each type has its advantages and disadvantages with respect to:

1, Efficiency, i.e., gain-bandwidth product,

2. Construction simplicity.

3. Nonecriticalness of adjustment.

ll. Ease of gain control and gain stability.

5. Selectivity. |
1, Gain-béndwidth Product° The synchronous single-tuned
amplifiers have galn-bandwidth prodﬁcts substantially smaller
than any of the other amplifier types. Flat-staggered pairs
have somewhat smaller gain-bandwidth products than transitional-
1y coupled equal-Q double-tuned circuits,6 while flat-staggered
triples have slightly larger gainmbandwidth'productsﬁh Tranéiw
tionally coupled one-side-loaded doubleutuned‘circuits'have an

advantage of exactly 2 over transitionally coupled equal-Q cir=-

6 Transitional coupling can be expressed as
ctrans =13 (2 © z)
ans < -z
i 2 \az Qg

for a value of k less than ktranss the curve of transfer imped-

ance against frequency shows only a single maximum; but if
Qa#Qss Ktrang 1s greater than kepit. By definition

~ _ @oCa
Qa Ga

and _ 0oCs
Qs “""'G";’"’s

and therefore

kerit = — .

4 QaQs
In most cases Qg 1s large enough so that kipgng may be written
‘as
1 .
Ktpans =————= o
Qg T2
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cuits, and in turn, surpass the one-side-loaded circuitso
Plate-grid resistive feedback amplifiersrwith single-tuned cir-
cult terminations, for example-the usual inverse-feedback band-
pass amplifiers, are exactly equivalent in gain-bandwidth pro-
duct to stagger-tuned amplifiers, except that the effective
transconductance is lower., |
2o Simplioityom The simplest type of amplifier by far 1s one
that employs synchronous single-tuned circuits. The tun%ng
colls are as simple as possible and are identical from étage to
stage,

Stagger-tuned and inverse-feedback amplifiers also employ
very simple coils. Inverse-feedback amplifiers have the special
requirement, however, that for satisfactory results the feed-
back resistors must have very small end-to-end capacity, about
ten times less than that of the usualnhalf-watt resistor.

Double-tuned colls are considerably more complicated than
single~tuned coils., Accurate control is required of the spacer
éontrolling mutual inductance as well as the primary and sec-
ondary inductance. Thils greater coil complexity is in many
cases the only significant disadvantage of double-tuned circuits,
3. Tuning 8tability. Synchronous single-tuned stages are
extremely noncritical in tuning, while staggered pailrs are less
critical than staggered triples., Equal-Q double-tuned circuits
are much less critical than double-tuned circuits loaded on one
side only, and it has been found that stagger-damped circults
employlng one-side-loaded double-~tuned circuits are extremely

critical, It is thought that the equal-Q double~tuned circuits
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aré less critical‘than any other except the synchronous sgingle-
tuned circuits,

i Gain Control and Gain Stability. Except for inverse-feed-
back amplifiers, the individual stages of any of the amplifiers
can be arbitrarily gain-controlled. Since the usual gain control
varies the negative blas to the grid, the gy, of the tube is
varied and, in an inverse-feedback amplifier, the bandwidth
.Would change. The feedback amplifier has a little better gain
stability.

Second DeteCtor7

The usual choice of the second detector 1s a diode operated
as a linear rectifier. The theory of this circult can be found
in any standard englneering text and will not be given here,

Practical Construction Considerations

R=f and i-f amplifiers, Great attentlon to detail is
needed to bulld a stable amplifier having a gain of 100 decibels
or more, and which covers a wide band of frequencies., A posi-
tive feedback factor as small as 10“6 anywhere 1in the band is
very serious.

The impbrtant points to watch are:

l. Bad ground paths,
2. Wavegulde feedback,
3. Inadequate bypassing of heatefss and the B+ gain

control,

7 Reference 6, chapter 7 for example,
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1. Baa ground paths. At frequencies above 30 mc the chassis

no longer can be consideréd an equal~potential ground piane of
zero inductance, and the inductance of short iengths_of wire
begin to have appreciable effect. Good constructioﬁél pfactice
requires that each stage should have all of its circuilt éompo-
nents grounded in one place with short and low inductance con=-

" nections., The stages should be as close together as possible

to réduce stray capacity. All of the stages should be arranged
in a straight line or in such a way that the ground currents

of the stages are kept isolated, The inductances should be
oriented so that ecurrents induced in the chassis by their fields
are a minimum. It 1s also necessary to locate the componenfs

so that there is no undue electrostatic coupling., The ground
clreuits for elements which are not part pf the i-f eircult
should be separated from the clrcuit ground. The groundlng of
the shells of the 6A07's should be carried out with care since
the connectlion between the tube pin and the shell is extra long.
The heater circult should be carefully isolated so Tthat feedback
from the input ﬁo the'output terminals is a minimum. The wiring .
and grounding of the heater circuit should be arranged so that |
“the wiring and chassis current do not form a large loop that
intercouples with the signal currents of the amplifiero‘ The
coaxial connections %o é high-gain amplifier‘must be made by
spreading the braid in circular fashion with grognding all a-
round the perimetef. This is important even when making measure-
ments on the amplifier, |

2o Wéveguidé feedback. Let us now consider the electric and
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magnetic fields inside the amplifier enclosure, inasmuch as the
' fields and the current in the boundary are directly related by
Maxwellts equations; Using the'general field thedry we may con-
sider the enclosure as a waveguide and use some of the wave
guide concepts and results., The cutoff frequency, fs, in terms
of the width of the guide is:

where ®» is the 2wf and

°

.

Te

N

5
¢ is the veloclty of light.

If the frequency used is very much smaller than the cutoff fre-
quency the attenuation is 2703 db over a distance equal to the
width of the guide. Any box btype chassis that is likely to be
encountered will probably fall in this catagory. If the pre-
ceding assumptlon 1s not adequate to a particular case, a post
making good electrical connections with the top and bottom of
the box may be used to short out the principal mode.

3., Inadedquate bypéssing, It should be born in mind that a
bypass condenser is actually the series combination of its lead
inductance and its capacitance,

An especlally effective means of bypaséing involves the use
of "series resonant" bypass condensers, that is, a condenser
whose connecting leads resonate with the capacitances at the i-f
frequency. It is important to achieve this series resonance
by means of a large ¢ and a small L, otherwise the low impedance
to ground will hold only over a small part of the band. For
" example a 2000 mmfd, condenser with a total lead length of only

1/6 inch has a bypass impedance to ground of less than 1/2 ohm



over a frequency range of 50 to 72 mc,

Parasitic oscillations may be expe}ienced at about 500 or
600 mc. "in i-f amplifiers using bAKS5's with high~-Q or silver-
mica button plate and screen bypass consensers. These paraéitics
are avolded by Inserting 10-ohm carbon resistors in the paths

between the B+ and the screen pins.



57

CHAPTER VI
CONCLUSIONS

Introduction

in the veryihigh frequency band the average atmospheric
noise is not very great and the man-made statlc 1s usually the
controlling factor. Since the direction-finder is located in
an l1lsolated 1ocation, the receiver nolises will be the control-
ling factor, but if the receiver has a vefy low noise factor
then the noise generated in the antenna is the controlling fac-
tor. The ultimate limiting factor, therefore, 1s the signal-to-
noise ratio in the antenna.
Antennsa

- S0 much 1s known and understood about antennas that most

of the development work can be, and should be, done on paper;
ILxperiment should be required only for the final engineering
specifications. Before attempting adjustments, the reference
material should be studled thoroughly., It 1s almost impossible
to devise direct means for measuring the current and its phase
angle at frequencies around and above 150 me. This leaves only
the actual radiation pattern to give indications of incorrect
distribution and phasing of the current.
Receiver

Thé receiver was aligned by the use of the General Electric
. Model‘ST—QA Bweep Generator and Model ST-5A Marker Generator,
These instruments were designed mainly for alignment of televi-
éion sets but a sweep may be obtalned in an unmarked portion of

the dial and the harmonics of the marker generator may be used
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to set the band limits of the recelver. Care must be taken not
to use the image frequency of the receiver. The bandwidth of
the receiver was observed to be about 100 kes. which may be
tdglnarrow for this type of work. The noise figure was not
measured since a suitable noise standard was not available.

In order to couple the Wallman cascode amplifier into the
receiver a length of 50 ohm'CoaXial line was used, Since the
output impedance of the sweep generator was variable a 50 ohm
type "T" resistlve pad was connected between the receiver and
the sigﬁal generator. A grid dip meter was used to obtain the
proper frequency range of the local osclllator. In order to
make the initlal adjustments on the r-f section the grid‘dip
meter was used to adjust the coils to the proper frequency.

The sweep generator along with the marker generator was used to
éheck the operation over the band of frequencies to be covered,
No more than the usual difficulties were encountered in the
alignment. The mixer did osclllate when a signal was applied
but this trouble was removed by rearranging the plate lead,

The operation of the Wallman cascode amplifier was also
checkéd with the sweep generator after the initial alignment
With the grid dip oscillator. The signal was first applied
to the receiver and the amount of deflection on the oscilloscope
noted. Second, the Wallman circult was placed in the circuit
and the deflection on the oscllloscope compared with the first
defledtion. The only method of coupling that produced any gain
was by obtaining series resonance of the coaxial line connection
on the receiver side. This was accbmplished by adding a capa-

cltor between the loop and the center conductor of the coaxial



59

line. The value of capacitance 1s very small and 1t was obtained
by twilistlng two insulated wires together. The coupling was

tried with and without the coaxial line and very little differ-
ence in gain was noted, The value of capaciltance required only

o small change,

Recommendations

There is still consilderable research that should be conduc-
ted on the antenna., The elements should poésibly be changed to
conform with the predilcted theory pregented in Chapter 2, This
should result in an improvement of the reception of very weak
signalso

The author doeg not bellieve that the recelver has enough
bandwidth to observe the waveforms and pass enough energy to
give a good indicatlon on the recording meters, Since the amount
of energy received 1s proportional to the bandwidth, it follows
that a wide bandwidth is essential, A bandwidth of 30 mc., for
the 1-T amplifiler 1s suggested, The second detector shbuld be
‘followed by a video amplifier which feeds a peak vacuum tube
voltmeter and an oscllloscope with a wide frequency range,
Obviously the receiver input should be designed to have the
lowest possible noise figure since, at these very high frequen=-
cies, the amplifiers are inclined to be nolsy unless precautions
are taken to reduce the noise, The r-f amplifier should be
mounted on the same chassis as the rest of the receiver so
that coupling difficulties will be minimized,

As soon as satlisfactory results are obtained in the re-

ceilver and the antenna signal-to-nolse ratioc improved and it
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is suggested that there should be added a PPI indicator similar
to the type used in the radar counter measure direction-finders,
Remarks

The basic fuﬁdamentals‘must be thoroughly understood before
a satisfactory design can be formulated. It is the authoris
hope that this paper will present some of the baslc knowledge

required and willl serve as a gulde and incentive for those who

will carry on the work.
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